Paclitaxel (Taxol   ®   ) , an anti-microtubule agent isolated from the trunk bark of the Pacific Yew tree, Taxus brevifolia, 1) shows great promise as an anti-neoplastic agent for a variety of human cancers including breast, ovarian, non small cell lung, head and neck cancers, leukemia, and melanoma. [2] [3] [4] [5] [6] Its unique mechanism of action is related to its ability to promote microtubule assembly and inhibit cell replication in the late G2 or M phases of the cell cycle.
), an anti-microtubule agent isolated from the trunk bark of the Pacific Yew tree, Taxus brevifolia, 1) shows great promise as an anti-neoplastic agent for a variety of human cancers including breast, ovarian, non small cell lung, head and neck cancers, leukemia, and melanoma. [2] [3] [4] [5] [6] Its unique mechanism of action is related to its ability to promote microtubule assembly and inhibit cell replication in the late G2 or M phases of the cell cycle. 7) A major problem associated with the administration of paclitaxel is its low solubility in water as well as in most pharmaceutically acceptable solvents. The Taxol ® formulation used clinically contains polyoxyethylated castor oil (Cremophor EL ® ) and ethanol as excipients. Cremophor EL ® has long been considered the source of hypersensitivity reactions observed with paclitaxel infusions. 8) Side effects of Taxol ® include nausea and vomiting, diarrhea, mucositis, myelosuppression, cardiotoxicity and neurotoxicity. 9, 10) Thus, alternative dosage forms for paclitaxel delivery have been developed to improve the solubility of paclitaxel without the use of Cremophor EL ® , for example, liposomes, [11] [12] [13] [14] mixed micelles, 15) parenteral emulsions, 16, 17) polymeric nanoparticles, 18) cyclodextrin complexes, 19) polyethylene glycol (PEG) esters, 20) polyamino acids, 21, 22) and polymer-bound derivatives. 23, 24) Although some of the dosage forms can be solubilized to release sufficient quantities of paclitaxel and have shown improved anti-tumor effects in animal models, problems-such as stability-have been observed. 25) The use of macromolecules for the targeted delivery of anticancer agents has generated considerable interest regarding enhancing therapeutic efficacy and reducing systemic side effects, and some satisfactory results have been obtained. 26) We previously reported how to prepare carboxymethyldextran (CMDex) and doxorubicin (DXR) conjugates using a peptide linker, and in our evaluation we showed that CMDex with a suitable anionic nature and MW of more than 150 kDa increased retention of the conjugate in blood circulation and increased accumulation of DXR in tumors. 27) Furthermore, CMDex-peptide-DXR conjugates containing a gly-gly-phegly spacer were more efficacious in a Walker-256 carcinoma rat model than a free DXR or a conjugate with no spacer. We chose CMDex as a candidate for a paclitaxel carrier since: CMDex is biocompatible; it contains a large number of carboxyl groups for the drug attachment and provides sufficient carrying capacity of the drug; and the resulting CMDex-drug conjugate has a high probability of being water-soluble.
In this paper, we examine the synthesis and evaluation of CMDex-paclitaxel conjugates bound with an ester bond and using amino acid linkers, namely, gly, ala, leu, and ile. We also look at how polymeric modification of paclitaxel with CMDex significantly improves water solubility and antitumor activity. The gly linker was introduced into the 2Ј-hydroxyl group to form CMDex-2Ј-gly-paclitaxel and into the 7-hydroxyl group to form CMDex-7-gly-paclitaxel. All other amino acid linkers-ala, leu, and ile-were introduced only into the 2Ј-hydroxyl group of paclitaxel. These were all designed to be water-soluble. The amounts of paclitaxel released from the conjugates during incubation with a buffer and mouse plasma at 37°C were measured by HPLC. We compared this to their in vivo tumor distribution and in vivo anti-tumor effects in a paclitaxel resistant tumor mouse model (colon 26). The tumor and body weights of the mice were monitored after continuous intravenous administration.
MATERIALS AND METHODS
Materials Paclitaxel (Taxol ® ) was purchased from Dabur Pharmaceuticals, Ltd. (New Delhi, India); Dextran T110 was purchased from Pharmacia Biotech (Uppsala, Sweden); Cremophor EL ® was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.); 2-(1-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was purchased from NOVA (La Jolla, CA, U.S.A.); and nhexyl p-hydroxy benzoate-an paclitaxel internal standard for HPLC assay-was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) All other chemicals were of reagent grade purity or better. Female BALB/c mice were purchased from Japan SLC (Shizuoka, Japan).
Preparation of CMDex-Amino Acid-Paclitaxel The CMDex-amino acid-paclitaxel compounds were prepared as shown in Chart 1. The 2Ј-amino acid derivatives of paclitaxel 3a-d were prepared by condensing N-Carbobenzoxy (Z)-Lamino acid 1a-d with paclitaxel in the presence of 1,3-diisopropylcarbodiimide (DIPC) and 4-(dimethylamino) pyridine (DMAP) to obtain 2Ј-Z-amino acid paclitaxel 2a-d, respectively. The Z groups of 2a-d were removed by catalytic transfer hydrogenolysis. The 7-gly derivatives of paclitaxel 6 were made by condensing Z-chloride with paclitaxel in the presence of N,N-diisopropylamine to obtain 2Ј-Z-paclitaxel 4. Z-L-gly was condensed with 4 in the presence of DIPC and DMAP to obtain 2Ј-Z-7-Z-gly-paclitaxel 5. 7-gly-paclitaxel 6 was formed from this by removing the Z group of 2Ј-Z-7-Zgly-paclitaxel 5 via catalytic transfer hydrogenolysis. 7-epipaclitaxel (7-a-hydroxy configuration) 7, an epimerization product of paclitaxel, was prepared from paclitaxel by refluxing in toluene in the presence of 1,8-diazabicyclo [5, 4 ,0]-undec-7-ene (DBU).
CMDex 9 could be isolated in its sodium salt form by treating dextran T110 8 with chloroacetic acid in an alkaline solution.
27) 3a-d and 6 were conjugated with CMDex 9 in the presence of HBTU in a solution of N,N-dimethylformamide (DMF)-H 2 O (1 : 1, v/v) to arrive at conjugates 10a-d and 11.
Characterization of CMDex-Paclitaxel Conjugates The relative molecular weight of CMDex-paclitaxel was determined by using gel permeation chromatography (GPC). A TSK-gel G4000PW XL (TOSOH, Tokyo, Japan) column was used and its column temperature was maintained at 40°C with a column oven (CTO-6A; Shimadzu, Kyoto, Japan). The mobile phase, consisting of a 20% (v/v) acetonitrile in 50 mM LiCl, was delivered at a flow rate of 0.8 ml/min with a pump (L-6200; Hitachi, Tokyo, Japan). A 10 ml-aliquot of the samples was injected with an auto injector (SIL-10A; Shimadzu) and column effluent was detected at 230 nm with a UV-VIS detector (L-4200; Hitachi) and refractive index (RI) detector (L-3300; Hitachi). Calibration of the instrument was carried out using a by Shodex pullulan P-82. The area of each eluted peak was integrated with an integrator (C-R6A; Shimadzu).
The degree of substitution (DS) of the carboxymethyl (CM) group of CMDex was determined by the titration method used by Sugahara et al. 27) The exact position of car- Chart 1 boxymethylation in Dex was determined by the method employed by Daotian and Roger. 28) The monosccharide composition of CMDex was analyzed using an HPLC method where CMDex is first hydrolyzed by trifluoroacetic acid to give constituent monosaccharides. These are subsequently labeled with 1-phenyl-3-methyl-5-pyrazolone (PMP) 29) and separated by reverse-phase HPLC using a column (Waters Puresil, 150ϫ4.6 mm i.d., particle size 5 mm), monitoring UV absorbance at 245 nm. Quantitation was performed using integration values relative to standards. Each peak of the PMP-labeled monosaccharide was identified by mass spectrometry. It has been documented that Pharmacia Biotech's dextran is a(1→6)-linked a-D-glucan with side-chains attached to the 3-position on the backbone units, and that the degree of branching is approximately 5%.
30) The degree of branching of dextran T110 used for the carrier in this study was examined by NMR analysis to determine if it conformed to the same specifications as Pharmacia's dextran.
UV spectra were obtained on a Shimadzu UV-160A spectrophotometer at a wavelength of 227 nm. The content of paclitaxel in the CMDex-paclitaxel conjugate was determined based on a standard curve generated with a known concentration of paclitaxel in a 50% (v/v) methanol solution. The amounts of free paclitaxel in the CMDex-paclitaxel conjugates were determined by HPLC. Solubility of CMDexpaclitaxel conjugates was estimated by dissolving various amounts of these conjugates in 100 ml of saline.
Analysis of Paclitaxel The amount of paclitaxel was determined by HPLC according to Mase et al. 31) Samples were pretreated using a solid-phase extraction procedure with SepPak cartridge C18 columns (Waters, Milford, MA, U.S.A.) prior to HPLC analysis. The Sep-Pak columns were treated with 5 ml of acetonitrile and then with 10 ml of distilled water. Test samples were diluted with 5 ml of phosphate buffered saline (PBS, pH 7.4) and loaded in the Sep-Pak columns. Immediately, 1 mg of the internal standard (n-hexyl p-hydroxyl benzoate, in a 20% (v/v) acetonitrile solution) was applied to the column. The column was washed with 5 ml of distilled water, then with 5 ml of a 20% (v/v) acetonitrile solution, and finally the elutant was collected after the addition of 5 ml of acetonitrile. The solution was dried by evaporation at 40°C in a water bath with the residue being reconstituted in 500 ml of HPLC mobile phase. These samples were filtered through a 0.5 mm filter (SJLH L04 NS; Millipore, Bedford, MA, U.S.A.) and the filtrates were used for paclitaxel analysis.
For HPLC analysis, a reverse-phase column (Asahipak HIKARISIL C18-4D; 150ϫ4.6 mm i.d.; particle size 5 mm; Asahi Kasei Corporation, Tokyo) was used and the column temperature was maintained at 40°C with a column oven (CTO-6A, Shimadzu). The mobile phase, consisting of a mixture of acetonitrile and 2 mM phosphoric acid (55 : 45, v/v), was pumped (LC-6AD; Shimadzu) at a flow rate of 1.5 ml/min. A 100 ml-aliquot of the samples was injected with an auto injector (SIL-9A; Shimadzu) and the column effluent was detected at 227 nm with a UV detector (SPD-6A; Shimadzu). The area of each eluted peak was integrated (C-R6A; Shimadzu).
The paclitaxel concentration in each sample was calculated using the ratio of the peak areas of paclitaxel and the internal standard by comparing that ratio with a corresponding standard curve prepared with appropriate blank samples. The calibration curve used for the quantification of paclitaxel was linear over the range of 50-5000 ng/ml in plasma with correlation coefficient of r 2 Ͼ0.995. In Vitro Drug Release Test The release of paclitaxel from the conjugates was examined by adding 20 ml of a solution containing CMDex-paclitaxel conjugate (10a-d or 11, 2 mg/ml) in saline to 200 ml of buffer, plasma and tumor homogenate. Tumor samples were homogenized on ice using a Teflon homogenizer and suspended in PBS (pH 7.4) at a concentration of 50% (w/v). This was incubated at 37°C, shaking moderately. The amounts of liberated paclitaxel in the conjugate at time points 0.5, 1, 4, 24, 48, and 72 h during incubation were determined by HPLC.
In Vitro Stability of Paclitaxel in Mouse Plasma To examine the stability of the paclitaxel molecule in mouse plasma at 37°C, the paclitaxel content was measured using HPLC analysis. Twenty ml of solution of paclitaxel (100 mg/ml) in 50% (v/v) methanol was added to 200 ml of mouse plasma, and the solution was incubated at 37°C, shaking moderately. The amounts of paclitaxel in the plasma solution at time points 4, 24, 48, and 72 h during incubation were determined by HPLC.
Procedure for Animal Experiments. Animals Female BALB/c mice weighing between 16 and 20 g each were purchased from Japan SLC (Shizuoka, Japan). Mice were used as hosts for colon 26, a murine colon tumor model. 12) Subcutaneous tumors on the right flank were induced by the administration of 10 6 cells in a volume of 0.1 ml.
Toxicity of CMDex-Paclitaxel Conjugates
The maximum tolerated dose (MTD) for CMDex-paclitaxel conjugates administered i.v. was determined in healthy BALB/c female mice. Survey experiments to define the MTD were performed with three animals per group and doses were escalated in 2-fold increments starting at 25 mg/kg. Drug effects were determined by close observation of body weight and survival. The MTD was defined as the highest nonlethal dose of paclitaxel or of CMDex-paclitaxel conjugates causing a Ͻ10% body weight loss within 1 week of cessation of dosing.
Tissue Distribution Study Tumor-bearing BALB/c female mice received an i.v. bolus administration of free paclitaxel or of a CMDex-paclitaxel conjugate; all administrations were at doses equivalent to 50 mg of free paclitaxel. Hereafter, any dose of CMDex-paclitaxel conjugate is expressed as the free paclitaxel equivalent mg/kg of body weight per administration. For each treatment group, 18 mice were divided into six groups (nϭ3), corresponding to the tissue evaluation points of 5 min and 1, 6, 24, 48, and 72 h. Immediately before tissue samples were removed and weighed, mice were anesthetized with ether, and sacrificed by exsanguination through the abdominal aorta using a heparinized syringe. Plasma was obtained by centrifugation and all samples were stored at Ϫ80°C until analyzed.
Tissue samples were homogenized on ice using a Teflon homogenizer and suspended in PBS (pH 7.4) at a concentration of 10% (w/w). Aliquots of the homogenates were used in an HPLC analysis to determine the concentrations of free paclitaxel.
To permit accurate quantitation of polymer-bound paclitaxel, paclitaxel must first be released from the conjugate since it lacks fluorescence. Preliminary experiments revealed that exposure of 200 ml of blood or homogenized tissue samples containing CMDex-2Ј-gly-paclitaxel to 1500 ml of 2 mM Na 2 HPO 4 · 12H 2 O-MeOH (14 : 1, v/v) at 37°C for 15 h releases about 80% of the bound paclitaxel. Based on these findings, a hydrolysis time of 15 h was routinely used to permit the quantitation of polymer-bound paclitaxel. Sufficient release of paclitaxel from the CMDex-paclitaxel conjugates with ala, leu, and ile linker was not successful under various hydrolysis conditions, however, because of the stability of the conjugates. After hydrolysis, a solid-phase extraction procedure was employed for sample pretreatment before HPLC analysis, using Sep-Pak cartridge C18 columns in the same manner as when the paclitaxel was analyzed in the corresponding section above.
Evaluation of Anti-tumor Activity against Colon 26 Carcinoma Female colon 26 bearing BALB/c mice were randomized into various treatment groups and numbered. The dose per mouse was adjusted on the basis of its weight as determined at the time of treatment. Treatment began 2 d after tumor inoculation and was administered i.v. through the tail vein. Saline or a carrier without paclitaxel was used as a negative control. Animal weight and tumor volume was measured every 2 d for 32 d after tumor inoculation. Tumor volume was determined by measuring two orthogonal diameters of the tumor and calculated according to the formula: (LϫW 2 )/2, where L and W are the major and minor dimensions, respectively.
Statistical Analysis The differences between treatment groups were assessed by one-way analysis of variance (ANOVA). Statistical significance was defined as pϽ0.05 to reject a null hypothesis. When there was statistical significance, multiple comparisons were determined using a least significant differences technique. Statistical analysis was conducted with StatView software (SAS Institute Inc., Cary, NC, U.S.A.).
RESULTS

Preparation and Characterization
The hydroxyl group at the 2Ј-position of paclitaxel is more reactive than the sterically hindered 7-hydroxyl group, 34) and this difference in reactivity allowed for the introduction of several amino acid esters at the 2Ј-position. Reaction of paclitaxel with Z-amino acid resulted in a larger number of 2Ј-amino acid ester compounds than those in the 7-position. The 1 H-NMR data for the compounds prepared in this study are summarized in Table 1 . Identity of these compounds was confirmed by mass spectrometry and proton NMR analysis. Employing an HBTU-mediated coupling reaction between the carboxyl groups of CMDex and the amino groups of the amino acidpaclitaxel provided for a more efficient production of CMDex-paclitaxel: conjugates containing 6.2-7.3% (w/w) paclitaxel were made. Table 2 shows that this is equivalent to approximately 2 mol percent of paclitaxel molecules bound to each conjugate. For conjugate 10a, a typical UV absorbance spectrum in 50% (v/v) MeOH is shown in Fig. 1 while Fig. 2 is its GPC profile showing its refractive index and absorption at 230 nm. These two figures provide evidence suggesting covalent conjugation after linkage. The UV spectrum of CMDex-paclitaxel obtained in 50% (v/v) MeOH indicated a slight shift (l max : 230 nm) compared to that of paclitaxel alone under the same conditions (l max : 227 nm). The possibility of an ester linkage between the free hydroxyl group of paclitaxel and the carboxyl group of CMDex is considered to be small in this case since no cross-linking product Protons on: Paclitaxel 7-Epi-paclitaxel 7 7-Gly-paclitaxel 6 2Ј-Gly-paclitaxel 3a 2Ј-Ala-paclitaxel 3b 2Ј-Leu-paclitaxel 3c 2Ј-Ile-paclitaxel 3d was detected.
Compounds 10a-d and 11 were easily dissolved in saline at more than 10% (w/v) as shown in Table 2 and the resulting solutions remained clear and transparent for a long period of time: more than 6 h. A 100 mg/ml solution of the CMDex-paclitaxel conjugate produces a clear, viscous, yet fluid liquid. On the other hand, when paclitaxel alone was dissolved in a vehicle consisting of Cremophor EL ® 50% and ethanol 50% and then diluted with saline to make the desired concentrations, the resulting solutions were slightly hazy and a precipitation formed more quickly: within 30 min.
The exact position of carboxymethylation to the hydroxyl groups of Dex as shown in Table 3 , was determined by PMP method, designed by Daotian and Roger.
28) The molar ratio (%) of carboxymethylation to Dex for: mono-carboxymethylation product of 2-hydroxy group with Glc (2-Glc) was 18.5%, with 3-Glc was 13.8%, and with 4-Glc was 18.5%; di-carboxymethylation product of 2,3-, 3,4-and 2,4-Glc, 5.0%; and no tri-carboxymethylation product (2,3,4-Glc) was detected. The exact position of amide formation between the carboxyl groups of CMDex and amino groups of 3a-d and 6 could not be determined. Dextran T110 employed for this study was a (1→6)-linked a-D-glucan with side-chains attached to the 3-position of the backbone units, and the degree of branching was determined to be 3.8% by NMR analysis. The starting DextranT110 had one (1→3)-linked branch point per 25 a (1→6)-linked glucose resides. This degree of branching at the 3-position of Glc accounted for the difference (3.8%) between the formation of monocarboxymethylation of the 3-hydroxy group of the Glc (3-Glc: 13.8%) and the formation of the other monocarboxymethylation products of 2-Glc and 4-Glc (18.5% each).
In Vitro Drug Release Test HPLC analysis was used to examine the release profile of paclitaxel from the CMDexpaclitaxel conjugates in a mouse plasma at 37°C for 72 h, and, as exemplified in Fig. 3 , revealed that different CMDexpaclitaxel conjugates were converted to different proportions of paclitaxel and another compound, which was later identified as 7-epi paclitaxel. 7-epi paclitaxel is an epimerization product of paclitaxel which was previously reported to be formed in a cell culture medium when paclitaxel was incubated with CHO cells and to have similar activity as paclitaxel in vivo and in vitro. 35) Amino acid-paclitaxel compounds-for example, 2Ј-gly-paclitaxel-could not be detected during the experiment. The in vitro release profiles of paclitaxel from the other CMDex-paclitaxel conjugates are shown in Fig. 4 . More than 50% of paclitaxel was liberated from CMDex-2Ј-gly-paclitaxel in a mouse plasma after a 24 h incubation, while less than 5% of paclitaxel was released from CMDex-2Ј-ile-paclitaxel or CMDex-7-gly-paclitaxel. After a 72 h incubation period in mouse plasma, the conjugate that released the most paclitaxel was CMDex-2Ј-gly-paclitaxel followed by CMDex-2Ј-ala-paclitaxel, CMDex-2Ј-leu-paclitaxel, CMDex-2Ј-ile-paclitaxel, and finally CMDex-7-gly-paclitaxel. While the most paclitaxel was released from the CMDex-2Ј-gly-paclitaxel conjugate, it only was on the order of 70% even after 48 h of incubation. As shown in Fig. 4 , the release profiles of paclitaxel from the conjugates in PBS (pH 7.4) or in the colon 26 tumor homogenates were similar in mouse plasma. To clarify why the recovery in mouse plasma was so low, the stability of the paclitaxel under these conditions was examined. The stability of paclitaxel in a mouse plasma at 37°C, after 48 h incubation, showed that the approximate 30% of starting paclitaxel unaccounted for converted to 7-epi paclitaxel (10%) and to an unknown decomposition product(s) (20%), as shown in 636 Vol. 25, No. 5
Fig. 2. GPC Profiles of CMDex-Gly-2Ј-Paclitaxel
Chromatographic conditions: TSK gel G4000PW XL (300ϫ7.8 mm); eluent, 20% (v/v) CH 3 CN in 50 mM LiCl; flow rate, 0.8 ml/min; column temperature, 40°C; sample volume, 10 ml (5 mg/ml). For HPLC analysis, Asahipak HIKARISIL C18-4D; 150ϫ4.6 mm i.d., particle size 5 mm; column temperature, 40°C; eluent, acetonitrile and 2 mM phosphoric acid (55 : 45, v/v); flow rate, 1.5 ml/min; sample volume, 100 ml; detection, 227 nm. . This implies that the low recovery of the released paclitaxel is due to the instablity of paclitaxel in mouse plasma. Toxicity of CMDex-Paclitaxel Conjugates in Vivo As a prelude to therapeutic experiments in animal tumor models, CMDex-paclitaxel conjugates were tested to determine the MTD in healthy BALB/c female mice. Mice tolerated 50 mg/kg of free paclitaxel in Cremophor EL ® and ethanol administered as a single i.v. dose. The CMDex-paclitaxel conjugates, 10a-d and 11, seemed to tolerate it better, having an MTD exceeding 100 mg of free paclitaxel (eq)/kg. Tissue Distribution Study Tissue distribution studies were performed to correlate the toxicity and efficacy results obtained for both CMDex-paclitaxel and paclitaxel using plasma and tissue drug concentrations as markers. Colon 26 tumor bearing mice received single i.v. administrations of each drug conjugate at a dose equivalent to the free paclitaxel MTD, 50 mg/kg.
In Fig. 6a the plasma concentration versus time profile of polymer-bound paclitaxel is compared with that of paclitaxel after dosing with free paclitaxel. It is clear from these results that CMDex allows for an extremely long-term circulation of paclitaxel. When CMDex-2Ј-gly-paclitaxel was administered, polymer-bound paclitaxel continued to circulate at high concentrations for an extended period in the bloodstream, whereas there was a low concentration of released drug in the plasma. In contrast, administrations of free paclitaxel were rapidly cleared from the blood.
Ideally, macromolecular prodrugs should be stable and pharmacologically inactive during circulation in the bloodstream but, after reaching the targeted site, they should release the active compound. Figure 6b shows the tumor concentration versus time profiles of the polymer-bound paclitaxel and released paclitaxel after dosing with CMDex-2Ј-gly-paclitaxel. As expected, there was evidence that high levels of released paclitaxel from the conjugate were in tumor tissue. The release of paclitaxel in tumor peaked at around 6 h, and thereafter declined very slowly. Concentration levels were maintained in the tumor site for more than 72 h, thereby suggesting cellular uptake and retention of paclitaxel. A similar profile of polymer-bound paclitaxel in the tumor was obtained. In contrast, with an administration using free paclitaxel, concentration levels in the blood cleared rapidlywithin 48 h. Figure 7 shows the tumor concentration versus time profiles of released paclitaxel after the administration of various CMDex-paclitaxel conjugates and free paclitaxel at doses equivalent to 50 mg of paclitaxel. As for CMDex-paclitaxel conjugates with 2Ј-gly and 2Ј-leu linker, the concentration in the tumor peaked from 6 to 24 h and subsequently declined very slowly maintaining nearly a constant level for more than 72 h, again suggesting the cellular uptake and retention of paclitaxel. In contrast, there was virtually no released paclitaxel from CMDex-2Ј-ile-paclitaxel in the tumor during the experiment.
Anti-tumor Activity in Vivo Because resistance of tumors to drugs is a frequent-and often lethal-occurrence in humans suffering from cancer, a paclitaxel-resistant strain, the colon 26 tumor model, 12) was used to evaluate the antitumor activity of CMDex-paclitaxel conjugates. Anti-tumor activity was evaluated using MTD dose and treatment given once a week for four weeks. To determine the effect of these drugs on colon 26 tumor growth, free paclitaxel or CMDexpaclitaxel conjugates were given as intermittent i.v. administrations on days 2, 9, 16, and 23 after s.c. tumor inoculation. Figures 8 and 9 show the tumor growth and body weight change curves of mice given a single i.v. administration of CMDex-paclitaxel, as compared with controls or animals given free paclitaxel weekly for 4 weeks.
Free paclitaxel in Cremophor EL ® and ethanol was administered at its MTD of 50 mg/kg but showed no effect on tumor growth compared to the saline treated controls. It did, however, cause an obvious decrease in the body weight. CMDex-paclitaxel conjugates in saline were tested at 100 mg of paclitaxel (equivalent)/kg. CMDex-gly-2Ј-paclitaxel caused significant tumor growth delay compared to the paclitaxel or saline treated controls whereas no obvious decrease in the body weight was detected. CMDex-ala-2Ј-paclitaxel and CMDex-leu-2Ј-paclitaxel caused significant tumor growth delay as compared with the paclitaxel or saline treated controls, but also caused a decrease in the body weight. CMDexile-2Ј-paclitaxel and CMDex-gly-7-paclitaxel showed no effect on tumor growth delay nor did they show any obvious decrease in body weight. These tumor growth and body weight results are illustrated in Figs. 8 and 9 .
The variation in tumor volume (meanϮS.E. of 5 animals/ group), on day 32 after tumor inoculation and once a week treatment for four weeks is shown in Table 4 . The saline treated group of mice showed a progressive increase in tumor growth with the mean tumor volume increasing to 4092Ϯ 268 mm 3 by day 32. Administration of the CMDex carrier or Cremophor EL ® and ethanol resulted in a similar tumor volume growth as that observed in the saline treated group of mice (data not shown). Treatment of free paclitaxel resulted in no effect on tumor growth with the mean tumor volume close to that of the saline treated control (3351Ϯ326 mm 3 on day 32). The mice treated with CMDex-gly-2Ј-paclitaxel, CMDex-ala-2Ј-paclitaxel, and CMDex-leu-2Ј-paclitaxel conjugates showed significant tumor growth inhibition (mean tumor volume 1048Ϯ319 mm 3 , 969Ϯ172 mm 3 , and 2165Ϯ 174 mm 3 on day 32, respectively) compared to either the saline or free paclitaxel treated groups. 
DISCUSSION
There has been a great deal of interest in the use of polymers as carriers for anti-tumor drugs. The basis for this school of thought is that binding anti-cancer drugs to high MW prodrug carriers can lead to: alternations in biological distribution; longer retention time within the body; reduction in systemic toxicity; and improvements in therapeutic efficacy. 36) As long as a polymer and anti-tumor drug conjugate exists in the body-whether it is circulating or is in the target site-it has the potential to release the drug. Of course, the rate of drug release will depend on the nature of the polymerdrug linkage and that linkage could theoretically be chosen for either pH or enzymatic degradation in order to better me- Paclitaxel or CMDex-paclitaxel conjugates were given as intermittent intravenous injections on days 2, 9, 16, and 23 after subcutaneous tumor inoculation. Free paclitaxel in Cremophor\ EL-ethanol (᭹) was administered at a dose of 50 mg/kg. CMDex-paclitaxel conjugates in saline were tested at 100 mg of equivalent paclitaxel per kilogram. The untreated group (᭺) served as controls. Each point represents the meanϮSE for five mice, except the untreated group, which was for nine mice. The linkers 2Ј-gly (ᮀ), 2Ј-ala (᭡), 2Ј-leu (᭝), and 2Ј-ile () were introduced into the CMDex-paclitaxel conjugates. Paclitaxel or CMDex-paclitaxel conjugates were given as intermittent intravenous injections on days 2, 9, 16, and 23 after subcutaneous tumor inoculation. CMDex-paclitaxel conjugates in saline were tested at 100 mg of equivalent paclitaxel per kilogram. The untreated group (᭺) served as controls. Each point represents the meanϮSE of five mice, except the untreated group, which was of nine mice. The linkers 2Ј-gly (ᮀ) and 7-gly ( ) were introduced into the CMDex-paclitaxel conjugates. diate prolonged drug release. Furthermore, the stability of the drug-conjugate linkage and its potential for controlled degradation is an important determinant in the efficacy and toxicity of any prodrug. A general rule is that if the conjugate is designed as a circulatory depot, the drug should be liberated according to a prescribed schedule without immediate dissociation upon administration. Similarly, if the conjugate is meant to reach a particular extracellular or intracellular target, the linkage must be sufficiently stable to maintain its chemical integrity until its reaches its final destination.
Although many types of linkages can be employed in a prodrug strategy, enzymatic hydrolysis of ester or amide functionality have been most often used. Paclitaxel has a unique structure in that there are three hydroxyl groups and, of these three, two are reactive giving it its anti-cancer activity. By converting the 2Ј-or 7-hydroxyl group to an ester, a water-soluble prodrug can be formed. In earlier attempts to make 2Ј-glycyl paclitaxel and other amino acid ester derivatives of paclitaxel difficulty was reported in obtaining pure 2Ј-esters. 32, 33) These derivatives were characterized as unstable compounds that readily reverted to paclitaxel in the presence of formic acid or trifluoroacetic acid at the deprotection steps. The instability of the 2Ј-glycyl ester salt is probably due to a simple inductive effect of the protonated amino group assisting in the attack of external nucleophiles on the 2Ј-acyl group. 33) We have circumvented this inherent instability by using Z-amino acid and catalytic transfer hydrogenolysis. Amino acids are ideal as linkers since, as bi-functional molecules, they provide a reactive carboxyl group with which to attach paclitaxel and an amino group that can be easily modified by CMDex. It also appears that an alteration of the amino acid linker group within the conjugate, or an alteration of steric hindrance 37) of the linker group resulting from a-substitution can lead to different rates of both enzymatic and nonenzymatic breakdown. In this way, the rate of dissociation can be taken to extremes: exclusively rapid circulatory hydrolysis, or slow intracellular breakdown. Both extremes are less than optimal, since rapid circulatory hydrolysis can result in toxicity that causes profound damage to normal cells, while, on the other hand, most intracellular breakdown depends on unpredictable endocytotic transport and slow enzymatic degradation. 38) Of interest is the possibility of reaching some middle ground by way of the introduction of an amino acid linker between the CMDex and paclitaxel which would cause moderate and predictable circulatory dissociation, but would still allow for substantial CMDex-induced tumor accumulation via passive targeting. Any accumulated conjugate could then presumably be released by either extracellular or intracellular means.
The fact that amino acids have simple esters which can be used as linker groups in the coupling with CMDex and that selective introduction of amino acid to the 2Ј-or 7-hydroxyl group of paclitaxel appears to be sufficient for adjusting the dissociation of the conjugate, led us to choose the type of prodrug system described here. The changes in kinetics in vitro also appear to correlate with both the safety and efficacy of the drug. For example, looking at the differences among the 2Ј-gly, 2Ј-ala, 2Ј-leu, 2Ј-ile and 7-gly derivatives, the 2Ј-gly derivative showed a relatively fast dissociation half-life among the conjugates tested in mouse plasma, PBS (pH 7.4), and tumor homogenate. However, in vivo testing of this conjugate demonstrated good tumor distribution, tumor retention, and significant anti-tumor activity in the solid tumor model compared to both the control and paclitaxel treatment groups in mice. This enhanced tumor distribution may be the basis for the extreme differences in safety and efficacy effects seen between the conjugated and unconjugated forms of paclitaxel in the colon 26 model. In fact, our earlier study has shown that CMDex-modified drugs cause an increased intra-tumor accumulation, together with an increased therapeutic index.
27) The 2Ј-ala and 2Ј-leu analogs demonstrated slow dissociation in mouse plasma. Somewhat similar to 2Ј-gly, they resulted in significant anti-tumor activity in the colon 26 tumor model as compared with both control and paclitaxel treatment groups in mice. However, unlike 2Ј-gly derivative, the 2Ј-ala and 2Ј-leu analogs caused body weight loss similar to both the control and paclitaxel treated mice. This suggests that the rate of normal tissue distribution and/or cellular uptake is not appropriate, leading to little distinction between the safety of these conjugates and the unconjugated forms of paxlitaxel. The use of 2Ј-ile or 7-gly derivatives produced a highly stable conjugate with very low toxicity, but demonstrated the smallest anti-tumor activity observed among all the analogs.
Significant differences in kinetics (in vitro plasma, PBS (pH 7.4) and tumor homogenate) were observed for the various CMDex-amino acid-paclitaxel conjugates illustrated above. These observed variations in kinetics are probably due to a combination of steric factors and the hydrophobicity for a particular amino acid which impacts bond hydrolysis. These analogs could be hydrolyzed with enzymatically-mediated pathways. It is possible that specific amino acids may result in favorable hydrolysis of the ester bond between the amino acid and paclitaxel via pH or esterase release. In contrast, others may initially encourage amide bond breakage between CMDex and amino acid resulting in an amino acid paclitaxel conjugate, which would still have its bioavailability.
39) The ester bond would subsequently be cleaved to activate paclitaxel. As Fig. 4 illustrates, the conjugate's differences in rates of dissociation need to be considered whenever examining its usefulness.
Several mechanisms may explain the differences in efficacy observed among the conjugates: alterations in pharmacokinetics, tumor and tissue distribution, or rate of cellular uptake, to mention a few. Polymer conjugation has been shown to alter the pharmacokinetics and biodistribution of the bound drug as compared with the free form. 27) Pharmacokinetics data of CMDex-DXR suggest that the CMDex transport form releases paclitaxel in a relatively slow and sustained manner. 27) This release, in vivo, is governed by the circulatory retention of the high MW polymeric drug and its gradual dissociation. The rate of the conjugate's tissue uptake and/or circulatory dissociation must therefore be faster than its rate of circulatory elimination to allow for optimal activity of the bound drug. Hence, the rate of in vivo conjugate breakdown affects the drug's biodistribution and may ultimately impact both safety and efficacy. For example, the rather slow breakdown of 2Ј-ala and 2Ј-leu following an i.v. administration causes toxicity of free paclitaxel, an effect that was not observed with the 2Ј-gly derivative. In contrast, the stable 2Ј-ile and 7-gly derivatives, which display the slowest hydrolysis within the series, appear ineffective in this study.
It is well established that large macromolecules circulating for extended periods show substantial tumor accumulation. 40) In fact, CMDex molecules of 150 kDa or greater MW demonstrate significantly higher accumulation in tumors than in normal tissue with the exception of the spleen.
27) The underlying physiological mechanism appears to be a combination of increased tumor vascular permeability with insufficient lymphatic drainage, resulting in what is termed the 'enhanced permeability and retention (EPR) effect', thought to be a universal solid tumor phenomenon for macromolecular drugs. 41) It is quite possible that the use of different amino acids within the CMDex-paclitaxel conjugate could affect the amount and form of the paclitaxel reaching the tumor site. Ideally, it would be desirable for release of the drug to occur only in the vicinity of tumor cells, thereby sparing normal cells from concomitant destruction. In the case of intact conjugate accumulation, there exist two possible pathways for this conjugate's breakdown in the tumor: simple ester hydrolysis, or amide cleavage. The presence of functional peptidase within the extracellular space of tumors 42) certainly makes the second pathway feasible. The production of amino acid conjugated species has been implicated in the enhanced cellular uptake of daunorubicin. 43) A recent paper has reported on the cellular uptake of amino acid ester prodrugs by a peptide transporter, 44) making entrance into the cell theoretically possible through either active or passive transport.
Our current study has extended CMDex prodrug strategies to include the use of spacer groups in paclitaxel modification and was undertaken to determine the effect of various amino acid spacers on the activity of CMDex-paclitaxel conjugates. It was found that the use of specific amino acid spacers affected the breakdown (dissociation) of CMDex-paclitaxel, its in vivo efficacy, and its toxicity. Conjugating 150 kDa of CMDex to 2Ј-gly paclitaxel results in a homogeneous watersoluble prodrug with less toxicity and enhanced anti-tumor activity compared with the resultant native drug. Work is now expanding on the effect of substituting other linkage for gly in the CMDex-paclitaxel delivery system, as well as examining different CMDex-spacer-paclitaxel transport forms in a variety of in vivo applications.
